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ABSTRACT
Observations of the sungrazing comet C/2012 S1 (ISON) were carried out using the Atacama Large Millime-
ter/submillimeter Array (ALMA) at a heliocentric distance of 0.58-0.54 AU (pre-perihelion) on 2013 November
16-17. Temporally resolved measurements of the coma distributions of HNC, CH3OH, H2CO and dust were
obtained over the course of about an hour on each day. During the period UT 10:10-11:00 on Nov. 16, the
comet displayed a remarkable drop in activity, manifested as a > 42% decline in the molecular line and con-
tinuum fluxes. The H2CO observations are consistent with an abrupt, ≈ 50% reduction in the cometary gas
production rate soon after the start of our observations. On Nov. 17, the total observed fluxes remained rela-
tively constant during a similar period, but strong variations in the morphology of the HNC distribution were
detected as a function of time, indicative of a clumpy, intermittent outflow for this species. Our observations
suggest that at least part of the detected HNC originated from degradation of nitrogen-rich organic refractory
material, released intermittently from confined regions of the nucleus. By contrast, the distributions of CH3OH
and H2CO during the Nov. 17 observations were relatively uniform, consistent with isotropic outflow and sta-
ble activity levels for these species. These results highlight a large degree of variability in the production of
gas and dust from comet ISON during its pre-perihelion outburst, consistent with repeated disruption of the
nucleus interspersed with periods of relative quiescence.
Subject headings: Comets: individual (C/2012 S1 (ISON)), Techniques: interferometric, submillimeter
1. INTRODUCTION
Sungrazing comet C/2012 S1 (hereafter referred to as
comet ISON) made its first (and final) passage through the
inner Solar System in 2013. It originated in the Oort Cloud at
a distance& 20,000 AU, and its orbit passed within 0.013 AU
of the Sun at perihelion on 2013 November 28. By the time
comet ISON reached perihelion, its (∼ 300 m diameter) nu-
cleus had disintegrated (Knight & Battams 2014; Lamy et al.
2014; Keane et al. 2016), leaving a trail of dust and debris in
its wake.
Between 2013 November 12-18, comet ISON’s activity in-
creased dramatically (see for example, Crovisier et al. 2013),
as it traversed a heliocentric distance rH = 0.8-0.5 AU. Dur-
ing this period of outburst, the comet’s visual brightness and
water production rate increased by over an order of magni-
tude, and strong brightness fluctuations (on the order of a fac-
tor of two) began to occur over timescales of less than a day
(Sekanina & Kracht 2014; Combi et al. 2014). This event has
been associated with fragmentation of the cometary nucleus
and consequent increase in active surface area. The observa-
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tion of coma wing features in the optical on November 14,
16, and 18 by Boehnhardt et al. (2013) may be taken as fur-
ther evidence for the release of nucleus fragments. Agúndez
et al. (2014) observed a dramatic increase in HCN production
on Nov. 14, followed by a remarkable daily variability using
the IRAM 30-m telescope during the period November 13-16,
immediately preceding our ALMA observations.
Measurements of the spatial distributions of HCN, HNC
and H2CO gas as well as thermal dust emission from the in-
ner coma of comet ISON were presented by Cordiner et al.
(2014), based on observations using the Atacama Large Mil-
limeter/submillimeter Array on 2013 November 17, when the
comet’s active area reached a peak (Combi et al. 2014). The
HCN and H2CO distributions were found to be quite symmet-
ric, consistent with predominantly isotropic release of these
molecules from within a few hundred kilometers of the nu-
cleus. The HNC distribution, on the other hand, showed sur-
prising collimated/clumpy features, suggesting release of this
molecule within jets, streams or clumps. Distributed/extended
coma sources for HNC and H2CO were definitively identified,
but the detailed production mechanisms for these molecules
are still not well understood (see also Cottin & Fray 2008).
In this article, we use temporally-resolved ALMA observa-
tions to examine the detailed spatial distribution and time vari-
ability of emission from dust and molecules in comet ISON
on 2013 November 16-17. The fine (≈ 17 min) time cadence
of our molecular mapping provides powerful new insights into
the short timescale variability of this comet during outburst,
and helps elucidate the nature and origin of the anisotropic
HNC features identified by Cordiner et al. (2014).
2. OBSERVATIONS
Observations were made in Cycle 1 Early Science mode
using the (dual sideband) ALMA band 7 receiver, covering
frequencies 350.3-352.3 GHz (lower sideband) and 362.2-
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TABLE 1
SUMMARY OF OBSERVATIONS
Date UT Time Object Scan
2013-11-16 10:03:47 - 10:04:49 3C 279 1
10:05:44 - 10:08:21 Pallas 2
10:08:44 - 10:09:46 3C 279 3
10:10:27 - 10:17:19 ISON 4
10:17:30 - 10:18:32 3C 279 5
10:19:02 - 10:25:53 ISON 6
10:26:04 - 10:27:05 3C 279 7
10:27:36 - 10:34:28 ISON 8
10:34:45 - 10:35:47 3C 279 9
10:36:17 - 10:43:09 ISON 10
10:43:19 - 10:44:21 3C 279 11
10:45:02 - 10:51:53 ISON 12
10:52:03 - 10:53:06 3C 279 13
10:53:36 - 11:00:27 ISON 14
11:00:37 - 11:01:39 3C 279 15
2013-11-17 12:23:25 - 12:24:27 3C 279 1
12:25:16 - 12:27:53 Titan 2
12:28:08 - 12:29:10 3C 279 3
12:29:54 - 12:36:46 ISON 4
12:36:57 - 12:37:59 3C 279 5
12:38:30 - 12:45:21 ISON 6
12:45:33 - 12:46:35 3C 279 7
12:47:06 - 12:53:58 ISON 8
12:54:17 - 12:55:19 3C 279 9
12:55:50 - 13:02:42 ISON 10
13:02:53 - 13:03:55 3C 279 11
13:04:41 - 13:11:32 ISON 12
13:11:43 - 13:12:45 3C 279 13
13:13:16 - 13:20:08 ISON 14
13:20:19 - 13:21:21 3C 279 15
364.1 GHz (upper sideband). Comet ISON was observed pre-
perihelion on UT 2013-11-16 at 10:10-11:00 (at a heliocentric
distance rH = 0.58 AU and geocentric distance∆ = 0.89 AU),
and again on UT 2013-11-17 at 12:30-13:20 (rH = 0.54 AU,
∆ = 0.88 AU). The illumination (sun-comet-observer) phase
angle was 82◦ − 85◦. The comet’s position was tracked us-
ing JPL Horizons ephemeris solution #45 and the coordinates
of the ALMA phase center were updated in real time to ac-
count for the comet’s rapid non-sidereal motion. A summary
of these observations, which constitute a subset of the data
acquired during our full ALMA/ISON observing campaign,
is given in Table 1.
The ALMA correlator was configured with four spectral
windows to simultaneously observe all the lines of interest
plus continuum on each day (see Table 2). Observations
of the bright quasar 3C 279 were used to calibrate the in-
strumental bandpass, phase and gain. For calibration of the
flux scale, observations of the Solar System bodies Pallas
and Titan were used, resulting in absolute fluxes accurate to
within about 15%. Using 28× 12-m antennae (with baseline
lengths in the range 17.3-1284 m), the angular resolution was
0.28′′×0.44′′. The correlator channel spacing of 244 kHz re-
sulted in a spectral resolution of 488 kHz (about 0.4 km s−1)
after Hanning smoothing in the time domain. Weather con-
ditions were excellent for all observations, with precipitable
water vapor column at zenith of less than 0.57 mm. The RMS
of the phase variation was measured for all visits to the phase
calibrator and for all baseline pairs, with median RMS values
of 15.8◦ on November 16 and 6.4◦ on November 17. These
phase variations tracked and corrected accordingly for each
antenna.
The data were flagged, calibrated and imaged using stan-
dard routines in CASA version 4.1.0 (McMullin et al. 2007).
No significant flux was detected for baselines & 400 m, so
the most distant antennae (DV07, DV19 and DV25; > 500 m
from the array center) were excluded during imaging to pro-
vide a more uniform Fourier sampling pattern (in the uv
plane), resulting in a corresponding improvement in image
quality at the expense of a small degradation in angular reso-
lution (to 0.40′′× 0.54′′). Deconvolution of the point-spread
function (PSF) was performed using the Högbom algorithm,
with natural visibility weighting and a flux threshold of twice
the expected RMS noise per channel in each image. Initially,
each science scan (see Table 1) was cleaned and imaged indi-
vidually. However, to improve the signal-to-noise ratio for the
purpose of the present study, the scans taken on each day were
combined into pairs, by averaging scans 4&6, scans 8&10 and
scans 12&14 into three discrete observation periods (hereafter
referred to as periods 1, 2 and 3). Each period had a total
on-source integration time of 13.7 min and the time interval
between periods was approx. 17 min.
Comet ISON’s 0.8 mm continuum was imaged by averag-
ing the observed data over all line-free channels. The contin-
uum peak was found to be offset by 5.7′′ from the predicted
ephemeris position at the start of observations on Nov 16, and
by 6.6′′ on Nov 17. The direction of offset was the same on
both days: 75◦ clockwise from celestial north, compared with
the 71◦ position angle of the Sun-comet vector. A similar off-
set was measured by optical observers, explainable as a result
of non-gravitational acceleration of the comet due to preferen-
tial outgassing in the sunward-facing hemisphere (Sekanina &
Kracht 2014). To maintain accurate flux measurements across
our field of view, the interferometric images were corrected
for the Gaussian spatial response of the ALMA primary beam
(half-power beam-width = 16′′ at 363 GHz). Finally, the im-
ages were transformed from celestial coordinates to cometo-
centric (sky-projected) spatial distances, the origin of which
was determined as the mean location of the continuum flux
peak on each day. The coordinate axes are aligned with the
equatorial system (celestial north is up).
3. RESULTS
The molecular line data cubes were spectrally integrated
over the full extent of detectable emission (between −2 and
+2 km s−1 of line center), to produce maps for each molecule
in each time period on November 16 (Figs. 1 and 2) and
November 17 (Figs. 3 and 4). For consistency, common in-
tegration ranges and contour levels were applied across all
time periods for a given species. For CH3OH, several emis-
sion lines were detected (the JK = 11 −00, 40 −3−1, 72 −61 and
161−160 transitions), and these data were summed together to
produce a single image for each period, with improved signal-
to-noise ratio.
For each species (plus continuum), the total flux was ob-
tained by integrating over the emission maps within a circle
of radius 2.5′′ (1600 km) centered on the origin. These fluxes
are given in Table 2. Uncertainties (in parentheses) are sta-
tistical 1σ errors, calculated from the RMS of emission-free
regions of the observed images.
3.1. 2013 November 16
Between the start and finish of our observations on Novem-
ber 16, a dramatic drop in total integrated flux was observed
in comet ISON for all spectral lines and the continuum. A
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FIG. 1.— Contour maps of the spectrally-integrated HNC (top row) and CH3OH (bottom row) line fluxes observed in comet S1/ISON on 2013 November 16.
Three time intervals are shown, each separated by 18 minutes. Contour intervals are 1.5σ for HNC and 2σ for CH3OH. Integrated flux within a circular aperture
of radius 1600 km centered on the comet is given at the top left of each map, with 1σ error in parentheses. Central crosses mark the same reference position
relative to the comet in each map. Hatched ellipse indicates the spatial resolution. Axes are aligned with the equatorial system (celestial north is up).
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FIG. 2.— As Fig. 1 but for H2CO and continuum emission. Contour intervals are 4σ for H2CO and 1σ for continuum. The comet’s illumination phase and
sky-projected vectors in the direction of the Sun and dust trail are shown bottom-right in the upper middle panel.
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FIG. 3.— As Fig. 1 but for the following day (2013 November 17). Asterisk in upper right panel indicates the position of an HNC clump and the dashed
line is its putative outflow axis. Contour intervals are 1.5σ for HNC and 2σ for CH3OH, where the RMS noise levels are σ(HNC) = 30 mJy km s−1 and
σ(CH3OH) = 68 mJy km s−1.
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FIG. 4.— As Fig. 2 but for the following day (2013 November 17). Contour intervals are 4σ for H2CO and 1σ for continuum, where σ(H2CO) = 18 mJy km s−1
and σ(continuum) = 0.26 mJy km s−1.
5TABLE 2
INTEGRATED SPECTRAL LINE AND CONTINUUM FLUXES AS A FUNCTION OF TIME
Species Perioda Transition Frequency Eu Fluxb
(GHz) (K) Nov. 16 Nov. 17
HNC 1 4−3 362.630 43.5 1.03±20 2.23±20
HNC 2 4−3 362.630 43.5 0.21±20 1.79±20
HNC 3 4−3 362.630 43.5 0.17±20 1.97±20
CH3OH 1 multic 350-364 17-333 1.02±44 2.08±60
CH3OH 2 multic 350-364 17-333 0.21±44 2.42±60
CH3OH 3 multic 350-364 17-333 −0.32±44 2.03±60
H2CO 1 51,5 −41,4 351.769 62.5 1.96±17 3.83±18
H2CO 2 51,5 −41,4 351.769 62.5 1.13±17 3.59±18
H2CO 3 51,5 −41,4 351.769 62.5 0.77±17 3.73±18
Continuum 1 . . . 357 . . . 8.2±1.9 14.9±2.3
Continuum 2 . . . 357 . . . 4.9±1.9 10.2±2.3
Continuum 3 . . . 357 . . . 1.8±1.9 17.1±2.3
a Time period — see section 2.
b Integrated line flux within a 2.5′′-radius circular aperture centered on the comet; 1σ
errors on trailing digits given in parentheses. Units are Jy km s−1 for the molecular
lines and mJy for continuum.
c The CH3OH maps are a sum over four transitions: 40 − 3−1 (350687.7 MHz),
11 −00 (350905.1 MHz), 161 −160 (363440.4 MHz) and 72 −61 (363739.9 MHz).
calibration error or problem with the telescope array can be
ruled out as the source of this variation because our images of
the phase calibrator 3C 279 (less than 10◦ away on the sky)
showed a uniform intensity point-source over throughout the
observations. As stated in Section 2, the antenna phase fluc-
tuations were small enough to be easily tracked and corrected
between visits to the phase calibrator; resulting in a stable flux
response as a function of time.
The HNC map for period 1, observed on Nov. 16 (start-
ing at UT 2013-11-16 10:10; see Fig. 1) shows a peak near
the nominal nucleus position (indicated with a white cross),
and a second, elongated structure extending away towards the
north, which appears to be partially separated from the main
peak. This northerly elongated clump is reminiscent of the
HNC streams/jets identified by Cordiner et al. (2014) on Nov.
17, indicating that these peculiar structures were not a tem-
porally isolated phenomenon unique to those observations.
The HNC flux on Nov. 16 fell from 0.7± 0.2 Jy km s−1 to
0.1± 0.2 Jy km s−1 during the 35 minutes between periods 1
and 3. The corresponding reduction in signal-to-noise ratio
precludes the possibility of tracking the time-evolution of the
HNC clumpy structure on this date.
A significant reduction in flux as a function of time was also
observed for CH3OH, but again, these maps suffer from low
signal-to-noise. The H2CO maps contain more flux, showing
a clear central peak and relatively symmetric spatial distri-
bution consistent with isotropic outgassing. The H2CO dis-
tribution remained centrally peaked while the flux fell in an
approximately linear fashion by 52-72% between periods 1-
3.
In the 0.8 mm continuum maps (shown in the lower pan-
els of Fig. 2), the emission contours show a clear elongation
towards the upper right of the figure, consistent with the ap-
proximate direction of the comet’s orbital trail and the anti-
sunward vector. Similar to the molecular species, the inte-
grated continuum flux also exhibited an apparently linear de-
crease with time, falling by at least 42% during our obser-
vations, and shows that the rapid decline in comet ISON’s
activity was not limited to only the gaseous component of the
coma. Fig. 5 (upper panel) shows a plot of the gas and contin-
uum flux measurements as a function of time (including 1σ er-
ror bars), where the declining flux trends are clearly apparent.
3.2. 2013 November 17
By the start of our ALMA observations on Nov. 17 (approx.
26 hr later), the observed line and continuum fluxes had risen
by about a factor of two relative to the start of observations on
Nov. 16, and remained at a relatively constant level through-
out the subsequent hour of ALMA observing. The total fluxes
are shown as a function of time in the lower panel of Fig. 5
and there is little evidence for any significant variation outside
of the observational uncertainties.
The relative stability of the comet’s activity is also appar-
ent from the coma maps in Figs. 3 and 4. Apart from the
(random) noise features, the CH3OH, H2CO and continuum
morphologies all show good consistency between the three
time periods. The HNC maps, on the other hand, reveal a
striking time variability that is most evident when comparing
observation periods 1 and 3. In period 1, the HNC peak (de-
tected at > 6σ level, where σ is the RMS noise), appears at a
position coincident with the continuum and other molecules,
but in period 2, the HNC peak is shifted about 400 km to-
wards the upper right of the map. Period 3 shows a weaker
central emission peak and isolated, compact clump of strong
(6σ) HNC emission (marked with an asterisk), at a position
870± 25 km north-west of the nominal nucleus position, at
an angle 47◦ clockwise from celestial north.
To highlight the significance of this temporal HNC varia-
tion, Fig. 6 shows one-dimensional slices through the HNC
maps for each period, taken along the black dashed line shown
in Fig. 3, and passing through the center of the isolated clump.
The shaded area in these plots represents the 1σ error enve-
lope. Note, in this analysis the signal-to-noise of our spectral
profiles was insufficient to derive any useful radial velocity
information for the gases, so our analysis is necessarily lim-
ited to the discussion of sky-projected distances in two dimen-
sions, which is implicitly assumed from here on.
In the first observation period, the 1-D HNC profile (Fig.
6) is strongly centrally peaked. In period 2, the distribution
is significantly broader and flatter, with a weakened central
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FIG. 5.— Total line flux (left ordinate) and continuum flux (right ordinate)
as a function of time after the start of observations on Nov 16 (top panel) and
Nov 17 (bottom panel). The result of a simulated H2CO outflow model (with
gas production rate falling to Q f = 0.49Qi after 3.5 minutes) is shown with
a black dashed line. Calculated flux decay curves due to coma expansion
following an instantaneous halt to cometary production are also shown for
outflow velocities of 1 km s−1 and 0.5 km s−1.
peak. In the third period the profile is broader and flatter still
(with the central peak weakened to less than or about half
its initial value), combined with the appearance of a spatially
isolated HNC peak/clump far out into the coma. About 20%
of the total HNC flux is concentrated inside the 3σ contour
surrounding this clump.
We followed the same methodology as Cordiner et al.
(2014) to fit the visibility (Fourier) amplitude components of
the observed HNC data using a Haser daughter model. The
real parts of the visibility amplitudes (visibilities) were first
rebinned to a uniform antenna separation (baseline) grid and
are plotted as a function of baseline in Fig. 7 for the three time
periods. For each period, the visibilities show a relative excess
of flux at large angular scales (short baselines) that cannot
be explained if the observed HNC is a parent molecule, thus
confirming the conclusions of Lis et al. (2008) and Cordiner
et al. (2014) that HNC is a daughter/product species, with a
distributed source in the coma. For the first two time peri-
ods, the best-fitting HNC parent scale length (Lp) was found
to be 450 km (with possible values in the range Lp = 250-
1200 km due to statistical uncertainties). For the third pe-
riod, it was only possible to derive a lower limit from our
data of Lp > 750 km; this is due to an excess of extended
flux that cannot be accounted for by our model. Our inability
to fully constrain the scale of HNC production at that epoch
suggests that the observed HNC distribution was even broader
than can be explained using a standard Haser model, and fur-
ther highlights the importance of coma production for this
species. For a more detailed interpretation of these data, a
three-dimensional (anisotropic), time-variable radiative trans-
fer model is required, which is beyond the scope of the present
study, but is currently in development.
4. DISCUSSION
4.1. Temporal variability of ISON’s coma
Cometary activity is often observed to vary smoothly with
heliocentric distance. Nevertheless, short time-scale varia-
tions (on periods of hours to days) are not uncommon (e.g.
Mumma et al. 1986; Sekanina & Thomas 2002; Li et al. 2011;
Drahus et al. 2012), and localized outbursts have recently
been observed in detail by Rosetta in comet 67P/Churyumov-
Gerasimenko (Grün et al. 2016). Our ALMA observations of
C/2012 S1 (ISON), however, constitute the first detections of
strong variability in HNC, H2CO and sub-mm continuum over
timescales of less than an hour. The drop in line and contin-
uum fluxes by over 42% in such a short timescale is remark-
able as it implies an extremely abrupt, spontaneous change in
the comet’s activity.
The observed rapid drop in line and continuum fluxes dur-
ing our Nov. 16 observations can plausibly be explained by an
abrupt decrease in the comet’s gas and dust production near
to the start of our ALMA observations. Following this drop in
activity, we hypothesize that the three main processes respon-
sible for the loss of detected emission as a function of time are
(1) molecular photodissociation, (2) sublimation of icy grains,
and (3) transport of the coma material out of the ALMA field
of view. The latter is expected due to the outflow/expansion
of the coma (for gas and dust), with the additional possibil-
ity of differential sublimation pressure that may result in the
acceleration of solid particles.
To explore the possible impact on the observed fluxes
of coma expansion following a reduction in comet activ-
ity, a simple, spherically-symmetric, constant-velocity out-
flow model was generated. Assuming the nucleus instanta-
neously stopped producing material at the start of our ob-
servations on Nov. 16 (at around UT 2013-11-16 10:10),
and the coma was allowed to continue expanding outwards
at the same velocity, the fraction of material remaining within
the 2.5′′-radius integration aperture was calculated as a func-
tion of time and plotted with a dotted curve (for an out-
flow velocity vout = 1.0 km s−1) and a dot-dashed curve (for
vout = 0.5 km s−1) in the upper panel of Fig. 5. These curves
bracket the range of gradients in the observed line and contin-
uum fluxes.
Given the reappearance of intense molecular and dust emis-
sion from the comet 26 hours later on Nov. 17, combined with
the general trend for increasing Ly-α and optical flux on the
days around our ALMA observations (see Combi et al. 2014;
Sekanina & Kracht 2014), it seems unlikely that cometary
activity ceased completely during our Nov. 16 observations.
The decay in the ALMA fluxes was probably offset by at least
some new gas and dust production. A more realistic scenario
to explain our observations was obtained by constructing a
time-dependent Haser daughter model for H2CO, with fixed
parent scale length of 280 km, H2CO mixing ratio of 0.8%,
fixed temperature of T = 90 K, vout = 1.0 km s−1 (see Cordiner
et al. 2014) and a photodissociation rate of 6.7× 10−4 s−1
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FIG. 6.— Spatial cuts through the HNC maps at the top of Fig. 3, showing the flux as a function of distance along the dashed black line (passing through the
continuum peak and HNC clump marked ’∗’). Vertical dashed lines show the peak flux position for each period.
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FIG. 7.— Real part of the observed HNC (4− 3) visibility amplitude (Re) vs. baseline length, for each of the three time periods on Nov 17. For the first two
epochs, the best-fitting Haser daughter model (with Lp = 450 km) is shown with a red curve. For the third epoch, only a lower limit for the HNC parent scale
length (Lp > 750 km) could be obtained. Purple dotted curves show the simulated visibility amplitudes for a parent distribution, which do not provide a good fit
to the data.
(appropriate for rH = 0.58 AU; Huebner et al. 1992). Syn-
thetic images were generated using the CASA simulator, with
the same observational and imaging characteristics as for our
ALMA observations. Although our observations could be re-
produced by many different time-variability scenarios, given
our limited number of data points we adopt the simplest pos-
sible model to fit the data, in which the cometary H2O produc-
tion rate has an initial value Qi, which falls (instantaneously)
to a final value Q f after a time t. The best fit to our measured
H2CO fluxes is for Qi = 1.05× 1029 s−1, Q f /Qi = 0.49 and
t = 3.5 min, which results in the decay curve shown with a
dashed black line in Figure 5. Such a sharp ≈ 50% reduction
in the cometary production rate could be due, for example, to
(1) the switching off of a powerful jet or large active region
as a result of rotation-induced changes in the nucleus illumi-
nation, or (2) sudden depletion/exhaustion of volatiles from a
component of the cometary material, which may be a conse-
quence of the rapid evolution of a nucleus undergoing a series
of disruptive outbursts.
Photodissociation can be ruled out as a loss process for the
large dust grains thought to be responsible for the 0.8 mm con-
tinuum emission. However, if these grains contain a signifi-
cant amount of ice, sublimation may be an important mech-
anism. For icy sub-mm grains at rH ≈ 0.5 AU, Beer et al.
(2006) calculated a lifetime (for complete sublimation) on the
order of a few thousand seconds. The observed drop in con-
tinuum flux is therefore likely due to a reduction in dust grain
production, followed by sublimation and the continued mo-
tion of the dust out of the ALMA field of view. Without subli-
mation, and assuming a constant size and temperature for the
grains, a radial outflow velocity of > 0.5 km s−1 is required to
explain the more than a factor of two drop in continuum flux
on Nov. 16 (Fig. 5, upper panel). Due to its small size, the
thermal continuum emitted by the comet’s nucleus is assumed
to be negligible.
Due to a lack of previous mapping observations at mm/sub-
mm wavelengths, the velocity distribution of large grains
in cometary comae is not well established. Sekanina &
Chodas (2012) determined a velocity of 30 m s−1 for the
submillimeter-sized dust released from sungrazing comet
C/2013 W3 (Lovejoy) during its disruption. Boissier et al.
(2012) found grain outflow velocities up to 100 m s−1 in the
coma of 17P/Holmes, and during the Deep Impact event,
vout ∼ 200 m s−1 was observed for the dust in 9P/Tempel 1
(Keller et al. 2007). Thus, the drop in continuum flux can
probably not be explained by outflow alone (following a drop
in the cometary activity), confirming the likely role of icy
grain sublimation. Our simplistic calculation does not ac-
count for the observed asymmetry (and implied anisotropic
outflow) in the continuum maps. The properties of the large
grains in comet ISON, including their density distribution,
velocity field and sublimation rates may thus be better con-
strained through detailed (3-D) modeling of our ALMA con-
tinuum data in a future study.
Sublimation pressure of vaporizing material in comet ISON
(including water as well as more refractory species) has been
invoked to explain the anomalous non-gravitational motions
experienced by the comet in its run up to perihelion (Sekan-
ina & Kracht 2014), and such forces may also have played
a role in the breakup of the nucleus (Steckloff et al. 2015).
Single-dish observations of ISON’s sub-mm continuum emis-
sion by Keane et al. (2016) were found to be consistent with
the non-gravitational model of Sekanina & Kracht (2014),
thus confirming the impact of intense sublimation pressure on
the trajectory of the cometary material. The presence of a
(time-variable) sub-mm emission tail in the anti-sunward di-
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FIG. 8.— Left: integrated flux map for HNC on Nov. 17, period 3. Middle: best-fitting two-component (composite) HNC production model. Right: residuals
(model minus observed image); contour intervals are 1σ.
rection (see Figures 2 and 4), is consistent with this scenario.
We therefore conclude that the large grains responsible for the
sub-mm continuum emission observed by ALMA underwent
enhanced heating on the sunward side, giving rise to a subli-
mation pressure that accelerated them away from the nucleus
in the anti-sunward direction. This acceleration was probably
responsible for some of the drop in continuum flux observed
on Nov. 16.
4.2. Elucidating the nature of cometary HNC release
The time-evolution of the HNC distribution on Nov. 17
(Figs. 3 and 6) seems to be most naturally interpreted as due to
the release of an isolated clump of material from the nucleus
that traveled radially outward through the coma at an average
velocity of 0.41 km s−1 (in the plane of the sky), to reach a
distance of 870 km in period 3. Given the HNC line FWHM
of 2.0 km s−1, the inferred clump outflow rate is reasonable
(especially considering the possibility of an additional veloc-
ity component perpendicular to the plane of the sky), and is
well within the 1 km s−1 outflow velocity for HCN and other
species deduced by Agúndez et al. (2014) and Cordiner et
al. (2014). The derived outflow velocity is also consistent
with the approximate limit of 0.5 km s−1 on the outflow rate
of mm-sized dust. Such a transient, spatially isolated, direc-
tional outburst of material bears qualitative similarities to the
collimated dust jets (Lin et al. 2015) and decimeter-sized ag-
gregates (Agarwal et al. 2016), emitted from confined regions
on the surface of comet 67P/Churyumov-Gerasimenko, as ob-
served by the Rosetta spacecraft.
The production rate of HNC in the clump can be derived by
modeling the flux map in period 3 of Nov. 17 using a two-
component isotropic outflow model. A source of HNC was
placed at the nominal nucleus position (white cross) and at the
HNC peak (asterisk), both with vout = 1 km s−1 and T = 90 K.
Optimizing the HNC production rates of the two sources us-
ing a nonlinear least-squares procedure, an excellent fit to the
observed image was obtained with Q(HNC) = 2.9× 1025 s−1
for the nucleus and Q(HNC) = 3.2×1025 s−1 for the clump. A
spectrally-integrated image of the best-fitting two-component
HNC model is shown in the middle panel of Fig. 8, and the
observation-minus-model image is shown in the right panel,
for which the noise-like residuals indicate the quality of fit.
Given the expected 1/r2 falloff in the density of a parcel
of expanding gas released from the nucleus, and the fact that
the amplitude of the main HNC peak in Fig. 6 remains ap-
proximately constant despite traversing over a factor of two
in distance between periods 2 and 3, it seems unlikely that
such a well-defined clump could be released as gaseous HNC
directly from the nucleus unless it was as an extremely nar-
row, well-confined HNC jet. Based on our interpretation of
the HNC time series, a more likely explanation is that the
observed HNC peak originates from an ice or organic dust-
rich clump, aggregate or chunk of material emitted from the
nucleus that underwent degradation/sublimation as it traveled
out through the coma. If this material was mostly ice, then
unless it was extremely HNC rich, the clump would also be
expected to be apparent at the same positions in the H2CO and
CH3OH maps. From the fact that the clump is not observed
in H2CO or CH3OH but appears in the same general direction
from the nucleus as the dust continuum tail, it follows that
the clump likely originates from a macromolecular or poly-
meric (refractory) precursor more closely associated with the
cometary dust than the ice. The increase in relative HNC
flux on large scales in the third epoch, as highlighted by the
observed visibility amplitudes (Fig. 7), is also consistent with
a spontaneous increase in the production of HNC in the coma
as this clumpy material moved outward.
Our results are consistent with the hypothesis that cometary
HNC originates from the degradation of macromolecules or
polymeric material contained within the nucleus. Previously,
Rodgers & Charnley (2001) and Lis et al. (2008) discussed
possible macromolecular sources of cometary HNC, includ-
ing hexamethylenetetramine (HMT; C6H12N4), HCN poly-
mer or other large organic molecules that undergo photolytic
or thermal degradation as they travel out through the coma.
Refractory organic particles are known to exist in comets
(Cottin et al. 2004), and are believed to have originated in
the interstellar medium or protosolar disk. Polyoxymethy-
lene (POM), in particular, has been studied in detail as a
candidate to explain the distributed H2CO sources in comets
1P/Halley and C/1995 O1 (Hale-Bopp) (Cottin et al. 2004;
Fray et al. 2006). Recent in-situ work on comet 67P us-
ing the Rosetta COSIMA instrument revealed the presence of
very large macromolecular compounds in the cometary dust,
analogous to the insoluble organic matter found in carbona-
ceous meteorites (Fray et al. 2016). Possible evidence for a
radiation-induced, POM-like polymer was also found on the
surface of 67P by the Ptolemy instrument (Wright et al. 2015),
but a conclusive identification of specific macromolecules (in-
cluding HMT, POM and HNC polymer), remains elusive (C.
Altwegg, private communication 2016). Now that detailed
mapping of cometary molecular distributions has become rou-
tine (thanks to ALMA), additional comparisons between lab-
oratory data and astronomical observations on the breakdown
9of large molecules will be possible, to further constrain the
nature of cometary organic material.
Based on the differences between the HNC and H2CO coma
morphologies, we conclude that the organic dust source for
HNC is not related to that responsible for the distributed
source of cometary H2CO. This implies the presence of at
least two kinds of macromolecular parent material in comets:
nitrogen-rich and oxygen-rich, the identification of which re-
mains a challenge for laboratory astrophysics.
5. CONCLUSION
Spatially and temporally resolved observations of molecu-
lar and dust emission from C/2012 S1 (ISON) were obtained
as the comet passed between 0.58 and 0.54 AU of the sun on
its approach to perihelion in November 2013. The observed
maps reveal a complex and dynamic coma, with molecular
line and continuum features evolving rapidly over periods of
tens of minutes. The anisotropic HNC outflow features de-
tected by Cordiner et al. (2014) are found to be due to the
presence of time-variable HNC clumps or well-confined jets
moving outward through the coma, and may be explained as
the result of the breakdown of HNC-rich icy particles, or re-
fractory materials including organic dust grains, polymers or
other macro molecules. The exact nature of the HNC parent
has been debated in the literature for some time (Irvine et al.
1998; Rodgers & Charnley 2005; Lis et al. 2008; Cordiner et
al. 2014), but our observations strongly suggest an origin for
cometary HNC in organic refractory material, released inter-
mittently from confined regions on the nucleus.
A rapid decay in the observed gas emission on Novem-
ber 16 (over a period of 50 minutes) is probably the result
of a substantial reduction in the activity of the comet during
our observations, followed by partial dissipation of the coma
through photodissociation and outflow processes. Using a
Haser daughter model the H2CO observations on Nov 16 can
be explained as being due to a ≈ 50% drop in the cometary
production rate near the beginning of our observations. The
surprisingly rapid decay in mm continuum flux implies rapid
outflow, probably combined with the partial sublimation of
large, icy grains. Following this lull, coma activity had re-
turned strongly by UT 12:30 on November 17, about a factor
of two higher than at the start of our observations on Nov. 16.
Combined with previous radio and optical observations,
these data reveal an extremely erratic behavior in the out-
gassing of volatiles from comet ISON as it approached the
Sun, with periods of strong outburst interspersed with qui-
escent intervals, resulting in sporadic production of gas and
dust. Future studies of cometary outgassing and volatile de-
pletion during nucleus disruption will be required to help ex-
plain the origin of this behavior. The surprising coma vari-
ability detected with ALMA demonstrates the importance of
temporally and spatially-resolved observations on the small-
est scales in order to properly understand the structure and
composition of cometary comae. Detailed maps of the dis-
tributions of coma product species such as HNC and H2CO,
combined with laboratory experiments on the breakdown of
candidate parent materials will be required to obtain a full
understanding of the origins and complex behaviors of these
intriguing cometary species.
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